Objective To identify the vitamin D status to optimize calcium and bone health in preterm infants. Study design Very low birth weight infants had measurement of 25-hydroxyvitamin D status and markers of calcium and bone health from birth to term age. Piecewise linear regression modeling was performed to identify a 25-hydroxyvitamin D threshold associated with stable parathyroid hormone concentration and bone mineralization.
Introduction
Emphasis on vitamin D health has grown through the past two decades with resurgence in rickets, revised definitions of vitamin D deficiency, and recognition of vitamin D's importance in health beyond calcium homeostasis. For infants, historically, vitamin D deficiency was defined as the low vitamin D status measured in infants with rickets. If rickets was not apparent, then vitamin D health was assumed. More recent work has focused on the vitamin D status or circulating 25-hydroxyvitamin D [25(OH)D] concentration associated with optimal physiologic function of vitamin D-dependent processes. These contemporary studies disregard previous definitions of vitamin D status and, instead, aim to identify whether a specific 25(OH)D threshold is associated with achieving peak system function [1, 2] .
For preterm infants, studies of calcium homeostasis and bone mineralization have demonstrated a muted role of vitamin D in these processes [3] [4] [5] [6] . Yet, these studies are limited by predetermined definitions of 'normal' vitamin D and parathyroid hormone concentrations and by inadequacies in bone mineralization measurement techniques. Consequently, the objective of this study was to identify whether vitamin D status, as indicated by circulating 25 (OH)D concentration, is associated with calcium equilibrium and bone mineralization in very low birth weight infants, and, if so, whether a specific threshold of 25(OH)D status is related to optimizing these processes.
Methods

Subjects
The Institutional Review Board of the Medical University of South Carolina approved this study. This was a singlecenter, prospective, observational study of very low birth weight infants born at less than 34 weeks' postmenstrual age. Only infants with birth weight parameter defined as appropriate-for-gestational age (AGA) by Fenton growth chart were included in the study [7] . Infants with major congenital anomalies or born to mothers with history of parathyroid disease were not eligible for the study. Written informed consent was obtained from the parents either prior to or within three days of infant birth.
Measurements
Enrolled participants had daily measurement of vitamin D, calcium, and phosphorus intake while inpatient. If the participant was discharged prior to term age, parent provided feeding type and volume at study visit. Intake was calculated as the average of the day of discharge and parental report. Subjects had measurements of total body circulating 25(OH)D, calcium, and phosphorus homeostasis indicators assessed within three days of birth, one-month postnatal age, and at term-age equivalent. Term age was defined as 37-40 weeks' postmenstrual age. At the term age visit, femur and lumbar spine bone mineralization were measured. Calcium and phosphorus homeostasis indicators measured were total calcium, inorganic phosphorus, alkaline phosphatase, and parathyroid hormone (PTH) in serum. Calcium and inorganic phosphorus were measured in the urine at one month and at term age, but not at the birth time point. Patient demographic and outcome data were collected.
Both urinary calcium and phosphorus measurements were standardized as a ratio to urinary creatinine and are presented as urinary calcium excretion and urinary phos- 
Data analysis
Median and interquartile values for each indicator at each of the three time points were estimated. Association between the indicators and 25(OH)D was assessed by Spearman's correlation coefficients. For each indicator at each time point, scatter plots were generated to graphically display the nature of monotonic associations with 25(OH) D status.
The primary outcome of this study was to identify if an association existed between serum 25(OH)D and PTH at term age and to examine whether a threshold of 25(OH)D status was associated with a leveling (plateau) of PTH concentration. To achieve this, piecewise linear regression models were used to estimate the parameters describing the association and the level of 25(OH)D at which the threshold occurred. This piecewise regression model, in addition to estimating the threshold, could also produce the estimates of association between 25(OH)D and PTH prior to and post that threshold. Similar piecewise models were also considered for the indicators of bone mineralization. If the estimated threshold and its corresponding 95% confidence interval (CI) were not in the range of the observed data, then it was determined that a piecewise linear regression model was not appropriate, and a simple linear regression model (monotonic relationship) was deemed adequate to evaluate the association. For models where the threshold could be estimated, the results were tabulated, and the fitted models were graphed.
The mathematical form of the piecewise regression model with two linear components is,
where y is the outcome (i.e., PTH at term age), x is 25(OH) D status, λ is the unknown threshold of the 25(OH)D level at which the trajectory potentially plateaus, α and α′ are the y-intercepts for the model prior and post the threshold, and β 1 and (β 1 + γ) are the slopes prior and post threshold, respectively. In this model, it was anticipated that the slope after the threshold, namely, (β 1 + γ) would be zero if the outcome reached a plateau after the 25(OH)D concentrations reached λ. This model is more informative than quadratic or other non-linear models because it identifies a concentration of 25(OH)D with potential for clinical use to define sufficient 25(OH)D status. The estimation of the parameters was performed using a non-linear model fitting approach using a SAS macro with PROC NLIN (SAS Institute Inc. Cary, NC). The thresholds are presented as the 25(OH)D status with the corresponding 95% CI.
Results
Between 5 June 2008, and 16 December 2010, 97 infants were enrolled in the study. Eighty-nine infants were included in the analysis with infants excluded for being small-forgestational age (n = 3), and, therefore, not meeting the inclusion criteria of birth AGA status; exiting the study by maternal request or by death in the first postnatal week (n = 3); and for fetal drug exposures (immunosuppressant and antiviral medication) with known severe bone effect (n = 2).
The 89 infants included in the analysis had median (interquartile range) birth weight of 1105 (900, 1280) grams and postmenstrual age of 28 (26, 29) weeks with 62% identified as African American. The median (interquartile range) intake through the study were vitamin D 609 (519,678) IU/day, calcium 182 (141, 244) mg/kg/day, and phosphorus 122 (85, 165) mg/kg/day. In this cohort, common birth-hospitalization preterm infant diagnoses (percent with diagnosis) included bronchopulmonary dysplasia (48%), culture-proven sepsis (20%), necrotizing enterocolitis stage ≥ 2a (8%), renal disease (12%), patent ductal arteriosus (28%), intraventricular hemorrhage (26%), and retinopathy of prematurity (28%). Hospital length of stay was a median (interquartile range) of 48 (36, 64) days. Two infants died after the first postnatal week and prior to term age. The term age visit occurred at a median [interquartile range (IQR)] of 69 (57,82) postnatal days and gestational age at 37. 6 [36.6, 38.7] weeks. The occurrence of term age visits at 36 weeks' gestation was due to coordination of outpatient term age visits with routine ophthalmology visits for subjects with transportation difficulties.
At each of the three study visits, subjects had their measurement of serum 25(OH)D and indicators of calcium, phosphorus, and bone health taken. The median (IQR) for each indicator at each time point is shown in Table 1 . Median serum 25(OH)D, calcium, phosphorus, and alkaline phosphatase increased over time while median PTH decreased. Urinary excretion of calcium and phosphorus were both relatively stable between one month and term age. Bone mineralization measurements were only performed at term age.
Evaluation of whether an association of vitamin D status and these indicators exists began with assessment for a monotonic relationship. Scatter plots of each indicator and 25(OH)D status at birth (Fig. 1) , one month (Fig. 2) , and term age (Fig. 3) are presented. Weak, but statistically significant, positive rank order correlations were observed between 25(OH)D status and serum calcium at birth and at one postnatal month but not at term age. For serum phosphorus and 25(OH)D status, a significant positive correlation was only seen at one month. For PTH and 25(OH)D, significant negative correlations were observed at both one month and term age but not at birth. Serum alkaline phosphatase and 25(OH)D were positive correlated at birth and then negatively correlated at term age, with no significant correlation at one month. For urinary excretion of calcium and phosphorus, 25(OH)D had a significant positive correlation with urinary calcium excretion and a significant negative correlation with urinary phosphorus excretion at term age only. For the bone mineralization evaluation at term age, 25(OH)D status was significantly, positively correlated with both femur BMC and BMD but not with spine mineralization measurements.
Piecewise regression models for estimating a threshold of 25(OH)D for the various indicators-PTH, femur BMC, and femur BMD-measured at term age produced the results along with 95% CI shown in Table 2 . The slope describing the strength of association (with 95% CI) preceding the threshold are also shown in Table 2 . For 25(OH) D status and PTH, PTH decreased as 25(OH)D increased until the PTH plateaued when 25(OH)D reached 42.9 (95% CI 32.2, 53.6) ng/mL. Similar thresholds are shown for femur BMC and BMD, but for these indicators, the slope before the threshold is slightly positive demonstrating an increase in femur BMC and BMD until a threshold of 25 (OH)D at which point femur BMC and BMD measurements plateau. With respect to the slope line before the threshold, PTH was shown to decrease by 1.4 pg/mL for every increase in 1 ng/mL of 25(OH)D. The increase in femur 
Discussion
In this study, as vitamin D status improved from birth to term age, PTH concentrations fell with a significant inverse correlation between 25(OH)D and PTH at onemonth postnatal age and term age. This inverse correlation is similar to that found in adults, children, and in late preterm infants through the first three postnatal months [8] [9] [10] [11] . The piecewise linear regression performed at term age demonstrated an inverse linear association between 25 (OH)D and PTH until a threshold of 25(OH)D status of 42 (95% CI 32.3, 53.6) ng/mL where PTH plateaued. Due to the tight control of calcium by PTH, PTH often serves as an indicator of body calcium balance. If body calcium is adequate, then PTH expression is muted. When circulating calcium falls below a threshold, the parathyroid gland secretes PTH to activate intestinal calcium absorption, renal calcium reabsorption, and demineralization of bone to increase circulating calcium [2, 12] . Of note, because calcium and phosphorus are reabsorbed from bone proportionally, PTH also leads to phosphorus removal from bone but then increases renal excretion of phosphorus to avoid hyperphosphatemia. Urinary phosphorus excretion was negatively associated with 25(OH)D at term age, which may reflect a decrease in the PTH signaling of urinary phosphorus excretion with increased 25(OH)D. In regards to bone health, femur BMC and BMD were significantly associated with vitamin D status. A threshold of vitamin D status demonstrating the concentration above which bone mineralization no longer increased was identified for both content and density [48.2 (95% CI 35.4, 61) ng/mL and 46.6 (95% CI 33.4, 59.7) ng/mL, respectively], but the change in slope was minimal and the confidence intervals fairly wide. Unlike the femur, lumbar spine mineralization did not demonstrate a significant association with vitamin D status. The difference between femur and lumbar spine mineralization in association with vitamin D status may reflect a difference in the role of vitamin D for mineralization of cortical versus trabecular bone. Vitamin D status in children is more commonly associated with differences in cortical bone (radial or femoral) mineralization [13, 14] . Studies performed in preterm infants with sensitive techniques, such as DEXA scan or qualitative CT scan are limited. Backstrom et al compared bone mineralization by DEXA scan for infants receiving either 200 IU/kg body weight up to 400 IU/day or a dose of 960 IU/day vitamin D and found no significant difference in forearm BMC or BMD with comparison groups achieving 25(OH)D status of 32 and 45 ng/mL, respectively [6] .
This study is the first to show an association between 25 (OH)D status and preterm infant femur bone mineralization. It is also the first study to identify a 25(OH)D threshold for PTH equilibrium. The results of the current study are not conclusive but, instead, identify a path for further study into the preterm infant vitamin D status. Of note, the piecewise linear regression model allows adjustment for confounding variables which can be quite numerous in preterm infant clinical study. Further study should prepare for these adjustments. In addition, the 25(OH)D radioimmunoassay used did not measure 25(OH)D epimers. Vitamin D metabolite epimers historically were considered to be inert, but recent data demonstrates that they may have some amount of bioactivity and are present in preterm infant blood [15, 16] . Therefore, further investigation of vitamin D function may require measurement of epimers to be included in the equations.
This study is limited to the nutritional and clinical practices of one institution. Since nutritional intervention of calcium, phosphorus, and vitamin D are inter-related, improvements in vitamin D delivery are associated with improvements in calcium and phosphorus delivery. This complementary increase in delivery complicates identification of causality. This comprehensive assessment of preterm infants from birth to term age is a foundation for evaluation including methods of vitamin D supplementation to ensure calcium and phosphorus homeostasis with optimal bone mineralization. Validation studies are required, as well as further exploration of the complex role of vitamin D in calcium, phosphorus, and bone in the growing, developing preterm infant. 
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